Abstract The 3′-untranslated region (UTR) is known to be a critical regulator of post-transcriptional events that determine the gene expression at the RNA level. The gene CCN1 is one of the classical members of the matricellular CCN family and is involved in a number of biological processes during mammalian development. In the present study, the 600-bp 3′-UTR of CCN1 was functionally characterized. Reporter gene analysis revealed that the entire 3′-UTR profoundly repressed gene expression in cis in different types of the cells, to which both the proximal and distal-halves of the 3′-UTR segments contributed almost equally. Deletion analysis of the 3′-UTR indicated a distinct functional element in the proximal half, whereas a putative target for microRNA181s was predicted in silico in the distal half. Of note, the repressive RNA element in the proximal half was shown to be capable of forming a stable secondary structure. However, unexpectedly, a reporter construct with a tandem repeat of the predicted miR-181 targets failed to respond to miR-181a. In addition, the other major structured element predicted in the distal half was similarly characterized. To our surprise, the second element rather enhanced the reporter gene expression in cis. These results indicate the involvement of multiple regulatory elements in the CCN1 3′-UTR and suggest the complexity of the miRNA action as well as the 3′-UTR-mediated gene regulation.
Introduction
The CCN family is a group of proteins with novel structure and multiple functionalities. This family consists of six members in vertebrates, and the family name represents the original name of three classical members: cysteine-rich 61 (Cyr61), connective tissue growth factor (CTGF), and nephroblastomaoverexpressed gene product (NOV) (Perbal and Takigawa 2005; Jun and Lau 2011; Takigawa 2007a, b, 2011; Rachfal and Brigstock 2005) . All of the members are composed of conserved protein modules connected in tandem. Following the amino-terminal signal peptide for secretion, insulin-like growth factor-binding protein-like module (IGFBP), the von Willebrand factor type C repeat (VWC), the thrombospondin (TSP) type 1 repeat, and the C-terminal cystine knot (CT) except for CCN5 are lined up (Holbourn et al. 2008) . Generally, CCN proteins are known to exert multiple functions, which are based on the multiple interactions with a vast number of molecular counterparts via these four conserved modules, which are highly interactive with a variety of ligands (Jun and Lau 2011; Takigawa 2007a, b, 2011; Perbal and Takigawa 2005; Rachfal and Brigstock 2005) . Indeed, CCN1, the most classical member of the family, plays critical roles in several developmental events, including chondrogenesis and angiogenesis (Jun and Lau 2011; Mo et al. 2002) . Indeed, the Ccn1-null mice suffer embryonic death due to chorioallantonic fusion failure or placental vascular insufficiency, suggesting the important roles of CCN1 in vessel formation (Mo et al. 2002) . CCN1 also plays an important role in cell proliferation by activating several growth factors, regulating the cell cycle, and participating in matrix remodeling Lau 2010, 2011; Si et al. 2006) . Besides, CCN1 not only mediates physiological processes, but is also associated with pathological ones. For example, involvement of this molecule in different types of malignancies was earlier indicated (Jun and Lau 2011; Ohgawara et al. 2011; O'Kelly et al. 2008) . Interestingly, CCN1 protein acts either as a positive regulator or growth inhibitor of cancer cells (Jun and Lau 2011; Leask 2010) . Also, CCN1 levels have been reported to be significantly higher in metastatic lesions than in primary pancreatic tumors (Holloway et al. 2005) . Recently, a novel role of CCN1 in inflammation-induced apoptosis was uncovered as well (Bai et al. 2010) . As a background of such functions, interaction with integrins, proteoglycans, and other extracellular matrix molecules and its biological significance are widely recognized (Jun and Lau 2011) . As such, the property of CCN1 protein is being uncovered, and it is currently regarded as a matricellular protein with diverse functions (Jun and Lau 2011; Bai et al. 2010) . Nevertheless, the regulatory mechanism of CCN1 gene expression at the posttranscriptional level mostly remains to be investigated.
In view of genetic structure, the mRNAs of all of the members except for CCN6 are commonly characterized by the retention of the 3′-untranslated regions (UTRs) of significant lengths. Recently, the profound functional significance of the 3′-UTR in post-transcriptional gene regulation has been attracting the interest of a vast number of scientists (Merritt et al. 2008 ). According to recent reports, several RNA-binding proteins bind to 3′-UTR region of target mRNA, which regulates gene expression at the posttranscriptional level (Ishimaru et al. 2010; Zhang et al. 2010) . For example, expression of the p63 gene, a member of the p53 tumor suppressor family, is regulated via mRNA stability by an RNA-binding protein, RNPC1 (Zhang et al. 2010) . Interestingly, RNPC1 is a target of the p53 family, which represses p63 gene expression by accelerating RNA degradation under the interaction with the 3′-UTR. As such, the 3′-UTR of an mRNA is known to determine the stability, localization, and translation of the mRNA. Moreover, functional characterization of miRNA, a class of the non-coding RNAs that control gene expression, revealed that its target is mostly located in the 3′-UTR region of target mRNAs, further indicating the critical importance of the 3′-UTR in post-transcriptional regulatory events (Didiano and Hobert 2008; Lee et al. 2009; Sandberg et al. 2008) .
Concerning the CCN family, the best-characterized 3′-UTR among the members is that of CCN2 (1,19). It has been recognized that CCN2 gene expression is regulated at multiple steps such as transcriptional, posttranscriptional, and translational stages. Initial studies reported the repressive effect of the 3′-UTR on the expression of CCN2. Subsequently, the cisacting element of structure-anchored repression (CAESAR) in the 3′-UTR was identified as an RNA element regulating mRNA stability and translation efficiency Takigawa 2007a, b, 2011) . Furthermore, a nucleocytoplasmic shuttling trans-factor, nucleophosmin (NPM/B23), was found to actually bind to another repressive cis-element in the 3′-UTR of the CCN2 mRNA, playing an important role in the posttranscriptional regulation of CCN2 during endochondral ossification (Mukudai et al. 2005 (Mukudai et al. , 2008 . Finally, miR-18a has been reported to target the CCN2 mRNA at its 3′-UTR, regulating chondrocytic phenotype (Ohgawara et al. 2009 ). It should be noted that the miR-18a target region and NPM-binding sites are in close proximity, suggesting common machinery shared by these two regulatory systems (Jacobsen et al. 2010) . In contrast to CCN2, until today, no reports have described the post-transcriptional regulatory function of the 3′-UTR of CCN1. Therefore in this study, we analyzed the functional properties of the CCN1 3′-UTR and found an element that mediate repressive gene regulation therein.
Materials and methods

Cell culture
Human cervical carcinoma HeLa, human kidney-derived 293T and human chondrocytic HCS-2/8 (Takigawa et al. 1989 ) cell lines were cultured in Dulbecco's modified Eagle's minimum essential medium (D-MEM) supplemented with 10 % fetal bovine serum (FBS). Chicken normal embryonic fibroblasts were isolated from a 10-day-old whole chicken embryo. Those cells were maintained in high-glucose D-MEM supplemented with 10 % FBS. All of the cells were incubated in humidified air containing 5 % CO 2 at 37°C.
Plasmid constructs
All of the reporter constructs for the evaluation of the repressive effect of the CCN 3′-UTR and its fragments were constructed by inserting them into a pGL3-L(+) or pGL3-L(-) parental vector at the multiple cloning sites located immediately downstream of the firefly luciferase gene. The original luciferase-CCN1 chimeric constructs, pGL3-CyrUTRS and pGL3-CyrUTRA (Fig. 1) , were constructed by subcloning a human CCN1 3′-UTR cDNA that had been amplified by PCR with primers Cyr61UTRS (5′-TTC TGC AGG GAC TAA ATG CTA CCT G-3′) and Cyr61UTRA (5′-GGC TTA AGG TAA ATT ATT TCT TTA TAA ATG-3′) between unique Pst I and Afl II sites in pGL3-L(+) and pGL-3L(-), respectively. To construct pGL3-CyrUTRS-XN (Fig. 2) , the Xba I-Nru I fragment of pGL3-CyrUTRS, which contained the entire 3′-UTR, was transferred between unique Nhe I and Sma I sites on the same backbone. Next, the 3′-UTR was split into proximal and distal halves at a unique Blp I site, and each fragment was similarly built in pGL3-L(+) to yield pGL3-CyrBE or pGL3-CyrFS (Fig. 2) . All of the deletion mutants of pGL3-CyrBE were constructed by subcloning PCR-derived fragments of the 3′-UTR between unique Xba I and Eco RV sites in pGL3-L(+) (Fig. 3) . For this objective, three oligonucleotide primers containing human CCN1 cDNA sequences were prepared. The nucleotide sequence of these primers were the following: CY270A (5′-GAG ATA TCA GCA GTA ACA TGT GCT CCA A-3′), CY160A (5′-GAG ATA TCA AGA ATG ACA AGG CTT-3′), and CY165S (5′-TTT CTA GAT TAA GGT ATT TCG AAA GGC C-3′). In addition, two primers corresponding to a sense sequence of the downstream end of the luciferase gene (LUCS: 5′-CTC GAC GCA AGA AAA ATC AG-3′) and an antisense sequence immediately downstream of the multiple cloning site (GLMCSA: 5′-TGT CCA AAC TCATCA ATG TAT C-3′) in pGL3-L(+) were also designed and synthesized. PCR amplification was carried out with combinations of LUCS/CY270A, LUCS/CY160A, CY165S/GLMCSA, and CY165S/CY270A; and the amplicons were inserted into pGL3-L(+) to yield pGL3-CyrBEXEP, BEXE, BEXENB and BEMI, respectively, after having been double-digested with Xba I and EcoRV. For the construction of pGL3-FSMI, the structured segment was amplified from pGL3-CyrUTRS with primers CyrLattS (5′-GCT CTA GAT TCC ATC CCT TCC TG -3′) and CyrLattA (5′-GGA ATT CCC CTC CCT CCC -3′). The amplicon was then digested by Xba I and EcoRI and was subcloned between the corresponding sites in pGL3-L(+). A reporter gene construct for miR-181, pGLS-181DS, was constructed by inserting a synthetic double strand DNA by utilizing the same Xba I and EcoRI sites in the same parental plasmid, as illustrated in Fig. 4 . Nucleotide sequence of the inserted DNA segment containing the predicted miR-181a targets is also given therein. Integrity of all of the plasmids was confirmed by DNA sequencing.
DNA transfection and luciferase assays
Twenty-four hours prior to transfection, cells were seeded in a 12-well tissue culture cluster plate at 80-90 % confluence. For the functional analysis of the 3′-UTR, the cells were cotransfected with 750 ng of a reporter construct and 250 ng of pRL-TK (internal control: Promega, Madison, WI) with the aid of Lipofectamine (Invitrogen, Carlsbad, CA) for HeLa, 293T and CEF or Fugene 6 (Roche, Basel, Switzerland) for HCS-2/8 after a medium change. Forty-eight hours after transfection, the cells were lysed in 250 μl of a passive lysis buffer (Promega), which lysate was directly used for the analysis by the Dual-luciferase assay system (Promega). For miRNA-mediated reporter gene assays, HCS-2/8 cells were seeded in a 6 -well tissue culture plate and were transfected with miR-181a or control siRNA as described in another subsection. After incubated for 8 h, DNA transfection was conducted as described above with 500 ng of pGL3-181DS and 50 ng of phRL-TK (int-) (Promega); and the cells were harvested 48 h later with 500 μl of the lysis buffer. Sequential measurement of firefly and Renilla luciferase activities was performed as described previously .
In silico analyses RNA secondary structure prediction and nucleotide sequence alignment were performed by using a commercial software package, GENETYX ver. 7 (Genetyx Corporation, Tokyo, Japan). For the prediction of miRNA targets in the CCN1 3′-UTR, three on-line devices were employed (Targetscan ver. 4.1., http://www.targetscan.org/; miRanda, http://www.microrna.org/microrna/home.do; DIANA, http://diana.cslab.ece.ntua.gr/microT/).
Synthesis and application of miRNAs
Synthetic RNA oligonucleotides of the sequences 5′-AAC AUU CAA UGC UGU CGG UGA GU-3′ and 5′-ACC ACU GAC CGU UGA CUG UAC were prepared by BBridge International Inc (Mountain View, USA). These single-stranded RNAs were annealed to obtain matureform miR-181a duplex. As a negative and positive controls, Silencer Negative Control siRNA (Ambion, Austin, TX) and Control siRNA luciferase (GL3)(Cosmo Bio, Tokyo, Japan) were used, respectively. Twenty-four hours before transfection, HCS2/8 cells were seeded at 80-90 % confluence, and miR-181a transfection was performed with Lipofectamine 2000 (Invitrogen) at a concentration of 50 nM, according to the manufacturer's instructions.
Results
Cis-repressive activity of the 3′-UTR of the human CCN1 gene
In the case of another classical CCN family member, CCN2, it is widely recognized that post-transcriptional repressive regulation by the 3′-UTR plays a crucial role in cell growth and differentiation (Kubota and Takigawa 2007a, b; Mukudai et al. 2005 Mukudai et al. , 2008 . Since both CCN1 and CCN2 were reported to similarly respond to the same stimuli (Moritani et al. 2005) , we suspected that similar repressive regulation would be mediated by the CCN1 3′-UTR as well. To examine this hypothesis, we employed a conventional reporter gene assay system. The cDNA of the CCN1 3′-UTR was amplified by RT-PCR and was subcloned into a luciferase expression vector between the downstream end of the luciferase gene and polyadenylation signal in a sense direction, as described in Fig. 1a , to construct pGL3-CyrUTRS. Comparative analysis of the luciferase activity from this plasmid with that from the parental control in a few cell lines revealed even a stronger cis-repressive activity against gene expression than that of CCN2 . This effect was orientation dependent, as indicated by the results obtained with another plasmid containing the UTR in an anti-sense direction (pGL3-CyrUTRA: Fig. 1a) , suggesting its property as a post-transcriptional regulatory element. Of note, the strong repression by the 3′-UTR was observed not only in human cell lines, but also in chicken normal fibroblasts, which indicates that this regulation is fundamental and universal among vertebrates (Fig. 1b) . Effect of the cis-linked 3′-UTR at the 3′-end on luciferase gene expression. The parental pGL3-L(+) (C), pGL3-CyrUTRS (UTRS), or pGL3-CyrUTRA (UTRA) was used to transfect the cells along with an internal control vector, pRL-TK. Forty-eight hours later, the cells were harvested for the luciferase assay, and firefly luciferase gene activities were standardized against those of the internal control. The name of the cell line used is shown on each graph. Mean values are shown with error bars of standard deviations another reporter plasmid, in which the 3′-UTR was translocated to the upstream site of the promoter driving the luciferase gene and evaluated its effect. The result of luciferase assay showed no significant effect of the 3′-UTR at this location outside of the transcribed area (Fig. 2, panels a and c) . This finding further supports the idea that the 3′-UTR exerted its effect after transcription.
In the middle of the 3′-UTR, a unique Blp I site is located. Taking advantage of this structure, we split the 3′-UTR into two pieces and evaluated the functionality of each fragment under the same experimental conditions. Interestingly, both fragments were equally functional to repress gene expression in cis, displaying approximately half of the effect by the full-length UTR (Fig. 2 panels, b and c). These results indicate independent functional elements in proximal and distal halves, which show additive effects when they work together.
Among the post-transcriptional RNA regulatory elements found in 3′-UTRs, miRNA targets are known to be predictable in silico. Thus, initially by using Targetscan we searched for the miRNAs that might target the CCN1 3′-UTR. Unexpectedly, only one miRNA target was predicted. This target was also predicted as one of two putative miRNA targets by DIANA, or one of 12 targets by miRanda. Of note, involvement of a miR-155 target in the ones predicted by miRanda also supported a previous finding that miR-155 actually targeted CCN1 Fig. 2 (Zhang et al. 2010 ). According to these predictions, the CCN1 mRNA might be under the regulation of miR-181 members miR-181a, b, c and d. This putative miR-181 target was located in the distal half of the 3′-UTR (Fig. 2d) .
A major regulatory element revealed by the deletion analysis of the proximal-half fragment of the 3′-UTR Since no miRNA target was predicted in the proximal half of the 3′-UTR, we subsequently tried to localize a functional element experimentally by deletion analysis. Several deletion mutants of the proximal-half of the 3′-UTR were connected to the luciferase in the sense direction, and then the effect was evaluated by performing the luciferase assay. Removal of the downstream 50 bases did not affect the repressive activity, whereas further deletion up to 160 bases completely abolished it (Fig. 3) . Upstream deletion analysis showed that the 5′-quarter region was not functional and was dispensable for the repressive regulation (Fig. 3) . Based on these results, we defined a minimal 110-base functional element in the second quarter area of the 3′-UTR. It should be noted that in silico prediction revealed a stable RNA secondary structure of the element, suggesting its property as a post-transcriptional genetic element.
Functional evaluation of the possible regulation by miR-181 via the 3′-UTR
Since an miR-181 target was predicted in silico, we examined whether or not the predicted target sequence in CCN1 mRNA 3′-UTR was actually functional by performing a reporter gene assay. In our previous study, we observed only a modest repressive effect of chemically synthesized miR181a duplex on the reporter gene construct containing a single copy of the predicted target (Sumiyoshi et al. 2013) . Here, to verify the functionality of the predicted target, another reporter gene construct, pGL3-181DS, with two copies of the predicted target was newly prepared, and the responsiveness against miR-181a was further examined. For this evaluation, human chondrocytic HCS-2/8 cells were employed, since CCN1 production was repressed by exogenous miR-181a in these cells (Sumiyoshi et al. 2013 ). Nevertheless, co-transfection of a synthetic miR-181a duplex at the same concentration with pGL3-181DS yielded no significant effect on luciferase gene expression, compared with the results obtained with the control doublestranded RNA. Under the same condition, an siRNA against the luciferase mRNA efficiently repressed the reporter gene expression from the same plasmid (Fig. 4) . These results indicate that the predicted miR-181 target in the distal half of the 3′-UTR does not mediate the post-transcriptional repressive effect of miR-181a on CCN1. The fact that the predicted target is not conserved between the CCN1 genes in chicken cells (Fig. 4c) , in which the 3′-UTR also acts repressive in cis, supports this conclusion. Functional property of the second major structured element that was predicted in the distal half of the 3′-UTR Based on the fact that the functional element minimized by a series of deletion analyses perfectly corresponded to the structured element predicted in silico, we searched for another one as a candidate for the repressive element in the distal half. In silico prediction of the entire CCN1 3′-UTR indeed revealed the repressive element as a part of the major stem loop in the proximal half (Fig. 5: in red) . According to this result, the second major stem loop was located in the distal half as well. Thus, suspecting a repressive function therein, we constructed and functionally evaluated another reporter plasmid with the second major stem loop immediately downstream of the luciferase coding region. Unexpectedly, this plasmid, entitled pGL3-CyrFSMI, displayed rather enhancing effect on the luciferase gene expression in cis in HeLa cells (Fig. 6) . Except for these two structures, only minor stem loops were predicted in addition (Fig. 5: blue lines) . Fig. 4 Functional evaluation of the predicted miR-181a target sequence in the CCN1 3′-UTR. a Structure of the plasmid used to evaluate the function of the miR-181a target predicted by Targetscan. A double strand DNA containing 2 copies of the miR-181a target sequences predicted in human CCN1 was synthesized and inserted into the parental reporter plasmid to yield pGL3-181DS. The nucleotide sequence of the corresponding region is illustrated in the middle of the panel. b Relative luciferase activities from the plasmid illustrated in a in HCS-2/8 cells in the presence or absence of exogenous miR-181a. The cells were transfected with miR-181a or a control siRNA (N, negative control siRNA; L, control luciferase siRNA). Eight hours later, the cells were further transfected with the reporter plasmid along with an internal control, phR-TK (int-), and were harvested for the luciferase assay after 48 h of incubation. c Absence of the seed element for miR-181 in chicken CCN1. Nucleotide sequences of the predicted miR-181a target in human CCN1 and the correspondent in chicken CCN1 are aligned. Nucleotides complementary to miR-181a are shown in bold cases, whereas those mismatched in chicken CCN1 are underlined. The seed element is indicated by a box Structural requirement for the RNA cis-repressive elements According the result shown in Fig. 1 , the 3′-UTR in human CCN1 exerted the repressive effect in chicken cells as well as human cells. Therefore, under a hypothesis that similar regulatory system with a structured element may exist also in the 3′-UTR of chicken CCN1, we initially analyzed the corresponding nucleotide sequence therein. However, in silico alignment of the human and chicken 3′-UTRs revealed no significant homology at all. Surprisingly, the percentage of the matched nucleotides in the BEMI region was 22 %, which was even less than that expected between random sequences (25 %), indicating no conservation during the course of evolution (Fig. 7a) .
Next, in silico prediction of the secondary structure was performed with the chicken 3′-UTR as well. As shown in Fig. 7b , only one major structured element was predicted in the proximal half, whereas no major one was in the distal half. Interestingly, a minor structure that is quite close to the one in the human 3′-UTR was predicted at a similar location. Together with the results of reporter gene assays, this estimation further strengthen the importance of the RNA secondary structure in the regulation of gene expression by the CCN1 3′-UTR.
Finally, in order to find out a common structural feature shared among functional RNA repressive elements, predicted secondary structures of the cis-acting repressive elements involved in the 3′-UTRs of CCN family members were analyzed. As shown in Fig. 7c , the cis-acting elements of structure-anchored repression (CAESARs) of human CCN2 and mouse Ccn2 and the BEMI element were compared. These functional elements are commonly characterized by the retention of multiple-bulged major loop accompanied by a minor loop near the bottom, which may be required for the repressive regulation (Fig. 7c) . Of note, such a structure is predicted in the chicken CCN1 as well (Fig. 7b : purple lines). 
Discussion
The profound role of the 3′-UTR as a post-transcriptional regulator in tissue and organ development has been uncovered by a number of recent studies. Indeed, one such study indicates that the 3′-UTR-mediated post-transcriptional gene regulation is predominant, rather than the promotermediated transcriptional control, in conducting the germ line development in nematodes (Merritt et al. 2008) . The critical importance of the 3′-UTR has been widely recognized also in mammalian cells. In neuronal cells, the 3′-UTR is known to regulate gene expression by determining the localization of certain mRNAs (Andreassi and Riccio 2009 ). Moreover, our recent studies revealed the novel function of the posttranscriptional elements in the CCN2 3′-UTR, which regulate the CCN2 gene expression by controlling the mRNA stability and translational efficacy Mukudai et al. 2005 Mukudai et al. , 2008 . Additionally, in a variety of malignancies, the anti-apoptotic Bcl-2 protein is overexpressed, especially in leukemia. Nucleolin is one of the proteins that bind to the bcl-2 mRNA 3′-UTR region, thereby increasing its half-life by regulating its stability (Ishimaru et al. 2010) . As a new aspect, it has been reported that the 3′-UTR of a particular mRNA has the ability to regulate miRNA functions (Sandberg et al. 2008) . These cumulative findings firmly indicate how important the 3′-UTR is in post-transcriptional regulation. In this study, we investigated the functional properties of the CCN1 3′-UTR as a post-transcriptional regulatory machinery. First, the strong repressive effect of the human CCN1 3′-UTR on gene expression was found not only in human cells, but also in chicken cells, indicating that the regulatory system has been evolutionally conserved. Also, the orientation and position dependence of its function indicates that the 3′-UTR mediates the repressive effect at the RNA level.
Given that life was acquired through the molecular evolution of RNA under the interaction with peptide counterparts, such regulation is fundamental and thus may have been conserved over a long period of time.
As a result of our deletion analysis, the involvement of multiple regulatory elements was indicated to exist in the CCN1 3′-UTR. One of the elements was located in the proximal half of the 3′-UTR and was predicted to form a stable secondary structure, whereas the other in the distal half remains unidentified. The predicted secondary structure of the minimal functional segment in the proximal half was characterized by a distinct stem-loop with a length of 110 bases. The requirement of RNA secondary structure for the function of post-transcriptional elements was strongly indicated in a number of previous studies. For example, critical effects of the secondary structure and nucleotide length of the 3′-UTR of hepatitis C virus (HCV) mRNA on efficient HCV replication were indicated (Murayama et al. 2010) . In this regulatory machinery, the generation of mRNAs with a shorter 3′-UTR caused by early polyadenylation results in more efficient RNA replication, for which the RNA structure is responsible. As another example, a structural change in the 3′-UTR of Hip2, which activates T lymphocytes, alters gene expression during CD4+ T lymphocyte differentiation (Lin et al. 2009 ). In these regulatory systems, involvement of an RNA-binding cofactor that specifically interacts with the structured target has been strongly suspected. In the case of chicken CCN2, a specific binding counterpart of an RNA element, nucleophosmin (NPM), controls the fate of CCN2 mRNA, which results in the regulation of chondrocyte differentiation (Mukudai et al. 2005 (Mukudai et al. , 2008 . Therefore, also with this 110-base segment of the CCN1 mRNA, certain RNA-binding proteins are suspected to specifically interact. For understanding the precise regulation system via this element, further detailed examinations are currently underway.
Recently, the 3′-UTR has become quite commonly observed to be a target of miRNA. Being interested in this issue, we suspected the presence of several miRNA targets that might have supported the repressive effect of the distal half of the CCN1 3′-UTR on gene expression. However unexpectedly, in silico analysis with Targetscan predicted only a single miRNA target therein. Furthermore, functional evaluation revealed that the predicted target was irresponsive to miR-181a, indicating that this nucleotide sequence does not mediate the miR-181-associated repressive regulation.
As such, we subsequently searched for structured RNA segments that could mediate the repressive regulation in the distal half of the 3′-UTR, based on the criterion obtained through the identification of the BEMI element in the proximal half. This strategy was supported by the fact that the formation of BEMI element was predicted also in the context of full length 3′-UTR. As a consequence of the secondary structure prediction of the full-length 3′-UTR, only one major structured element was indicated in the distal half. Reporter gene analysis revealed an enhancing effect of this element on gene expression in cis. This outcome was for us unexpected, but was acceptable, since it represented that secondary structure formation was the structural basis for RNA segments to gain regulatory function. Nevertheless, it remains unclear that which portion(s) in the distal half of the 3′-UTR is responsible for the gene repressive effect. According to our in silico prediction, one minor stem loop may be present in the distal half. Considering that the 84-bases long CAESAR element in the CCN2 3′-UTR mediates distinct repressive regulation on gene expression , such a minor stem-loop can as well. Including this issue, more comprehensive analysis to illustrate the entire network and molecular mechanism of the 3′-UTR-mediated gene regulation around CCN1 is currently in progress.
